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Polyadenylation of mammalian mRNA precursors requires at least two signal sequences in the RNA: the
nearly invariant AAUAAA, situated 5’ to the site of polyadenylation, and a much more variable GU- or U-rich
downstream element. At least some downstream sequences are recognized by the heterotrimeric polyadenyl-
ation factor CstF, although how, and indeed if, all variations of this diffuse element are bound by a single factor
is unknown. Here we show that the RNP-type RNA binding domain of the 64-kDa subunit of CstF (CstF-64)
(64K RBD) is sufficient to define a functional downstream element. Selection-amplification (SELEX) experi-
ments employing a glutathione S-transferase (GST)-64K RBD fusion protein selected GU-rich sequences that
defined consensus recognition motifs closely matching those present in natural poly(A) sites. Selected se-
quences were bound specifically, and with surprisingly high affinities, by intact CstF and were functional in
reconstituted, CstF-dependent cleavage assays. Our results also indicate that GU- and U-rich sequences are
variants of a single CstF recognition motif. For comparison, SELEX was performed with a GST fusion
containing the RBD from the apparent yeast homolog of CstF-64, RNA1S5. Strikingly, although the two RBDs
are almost 50% identical and yeast poly(A) signals are at least as degenerate as the mammalian downstream
element, a nearly invariant 12-base U-rich sequence distinct from the CstF-64 consensus was identified. We

discuss these results in terms of the function and evolution of mRNA 3’-end signals.

Polyadenylation of mRNA precursors is a nearly ubiquitous
posttranscriptional modification that occurs in the nuclei of all
eukaryotic cells. The reaction involves a precise endonucleo-
Iytic cleavage of the pre-mRNA followed by synthesis of the
poly(A) tail. This seemingly simple reaction requires an unex-
pectedly complex protein machinery consisting of a dozen or
more distinct polypeptides (see references 14 and 19 for recent
reviews). The first step in the reaction is specification of the
poly(A) site. This has been studied in considerable detail in
mammalian systems, where at least two signal sequences in the
pre-mRNA, the nearly invariant AAUAAA and a much less
conserved downstream GU (or U)-rich sequence, are required
for efficient polyadenylation (reviewed in reference 27). Each
of these elements is recognized by a distinct multisubunit pro-
tein, AAUAAA by cleavage-polyadenylation specificity factor
(CPSF) and the downstream element by cleavage stimulation
factor (CstF). Two less well-defined cleavage factors and
poly(A) polymerase (PAP) appear to complete the complex.
Some pre-mRNAs also contain sequence elements situated
upstream of AAUAAA, which appear to work by diverse
mechanisms. For example, the simian virus 40 (SV40) late
pre-mRNA contains a sequence that can be recognized by the
U1 snRNP A protein, which stabilizes CPSF binding to AAU
AAA (16, 17), while in human immunodeficiency virus RNA,
an upstream element seems to stabilize CPSF binding by mak-
ing a second direct contact with CPSF (9).

CPSF and CstF are both multisubunit proteins, and each has
been the subject of considerable study. CPSF was first identi-
fied as the only factor essential for both steps of the in vitro
polyadenylation reaction [i.e., RNA cleavage and poly(A) syn-
thesis (6, 7, 34)]. Consistent with the AAUAAA requirement
for both steps, purified CPSF recognizes this element, albeit
weakly (7, 15). The protein likely consists of four subunits, of
160, 100, 73, and 30 kDa (2, 11), although fully active prepa-
rations lacking the 30-kDa subunit have been isolated (9, 24).
Early UV cross-linking studies suggested that the 160-kDa sub-
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unit (CPSF-160) directly contacts AAUAAA (1, 15), and in fact
recombinant CPSF-160 can recognize AAUAAA-containing
RNAs with specificity (25). cDNAs encoding the largest three
subunits have been isolated, and none contain recognizable do-
mains or similarities with other proteins (11-13, 25). CPSF-73 and
-100, however, have significant similarity with each other, indicat-
ing they may have arisen from a common ancestor (13).

CstF is a heterotrimeric protein that consists of 77-, 64-, and
50-kDa subunits (35). The 64-kDa CstF subunit (CstF-64) was
in fact the first polypeptide implicated in sequence-specific
polyadenylation, based on UV cross-linking assays employing
crude nuclear extracts (43). It was initially believed that
CstF-64 might contact AAUAAA, as point mutations in the
signal eliminated cross-linking. It is now clear that this reflects
strong cooperative binding of CPSF and CstF, with the CPSF-
RNA interaction being directly affected by mutations in AAU
AAA (8, 24, 44). The strongest evidence that CstF contacts the
downstream region comes from similar UV cross-linking ex-
periments, which mapped the site of CstF-64 cross-linking to
short U-rich sequences within the downstream regions of two
different pre-mRNAs (18). cDNAs encoding all three subunits
have been cloned and display interesting features. CstF-50
contains seven transducin, or WD-40, repeats, suggestive of
protein-protein interactions (37). Although essential for CstF
function in vitro, its role is unknown. CstF-77 is the apparent
homolog of the Drosophila suppressor-of-forked protein and
functions to bridge the other two CstF subunits (38). It also
interacts strongly with CPSF-160, which is likely responsible at
least in part for the cooperative RNA binding displayed by the
two factors (25). CstF-64 contains an N-terminal RNP-type
RNA binding domain (RBD) and an unusual C-terminal re-
gion consisting of a 300-residue 40% P+G region that is in-
terrupted by 12 tandem copies of the pentapeptide consensus
MEARA/G (36). The functions of these domains are un-
known, although it seems likely that the RBD is involved in
binding the pre-mRNA. The intracellular levels of CstF-64
have recently been shown to be important in the switch from
membrane-bound to secreted immunoglobulin M H-chain
mRNA that occurs during B-cell differentiation (39). This reg-
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ulation appears to reflect the differential affinities of CstF for
the GU-rich regions of the two poly(A) sites.

Additional insights into how these factors might function to
specify poly(A) sites is beginning to emerge from studies with
Saccharomyces cerevisiae. Recent work has revealed surprising
similarities between yeast polyadenylation factors and compo-
nents of mammalian CPSF and CstF (reviewed in reference
20). This was unexpected because poly(A) signals in yeast
pre-mRNAs do not bear a clear resemblance to those in mam-
mals, and it is even difficult to define convincing consensus
sequences (reviewed in reference 10). The existence of yeast
homologs of components of both CstF (23, 38) and CPSF (3,
13, 32) suggests, however, that important aspects of the RNA-
protein and protein-protein interactions important for recog-
nizing and forming mRNA 3’ ends are conserved throughout
eukaryotes. However, little is yet understood about these in-
teractions in yeast. For example, it is not yet known what RNA
elements are recognized by which proteins.

In this paper, we investigate some of the RNA-protein in-
teractions involved in polyadenylation using the SELEX meth-
odology. We show that the CstF-64K RBD is sufficient to
recognize consensus motifs that closely resemble both the GU-
rich and U-rich sequences found in vivo. These sequences bind
intact CstF with high affinity and function as downstream ele-
ments in CstF-dependent in vitro cleavage assays. Strikingly,
given the variable nature of yeast RNA signals, the RBD of the
apparent yeast CstF-64 homolog, RNA15, selects essentially a
single U-rich sequence. This consensus bears only limited re-
semblance to the 64K RBD-selected sequences and does not
interact with CstF, but it does reveal some similarity to a
recently suggested consensus element in yeast pre-mRNAs.
We discuss the significance of these results with respect to
poly(A) site specification.

MATERIALS AND METHODS

Preparation of GST-RBD fusion proteins. To prepare a plasmid encoding the
glutathione S-transferase (GST)-64K RBD fusion protein, an Ndel site was first
created at the translation initiation codon in the human CstF-64 subunit cDNA
(pZ64-18 [36]) by oligonucleotide-directed mutagenesis using synthetic oligonu-
cleotide 64K-Ndel (5'-CTCAACAGACATATGGCGGG-3"). An Ndel-Banl
fragment derived from this plasmid, which encompasses the N-terminal 108
amino acids, including the RBD (amino acid residues 17 to 96), was treated with
the Klenow fragment of DNA polymerase I and inserted into the Smal site of the
pGEX-2T vector (31) to prepare pGEX-64K RBD. To prepare a plasmid en-
coding the GST-RNA15 RBD fusion protein, a DNA fragment encompassing
the N-terminal 109 amino acids of yeast RNA15, which includes the RBD (amino
acids 19 to 96) (22) was obtained by PCR using synthetic oligonucleotides
RNA15-5" (5'-TATGAATAGGCAGAGCGGTG-3") and RNA15-3" (5'-TACT
GTTGTTGTTGCTGTTGTG-3') as primers and 50 ng of yeast genomic DNA
as a template. Primers and template were denatured at 94°C for 1 min and
annealed at 60°C for 1 min, and DNA was synthesized at 72°C for 1 min for 35
cycles. The 330-bp DNA was purified on a 1% agarose gel, treated with T4
polynucleotide kinase and Klenow fragment, and inserted into the Smal site of
the pGEX-2T vector to prepare pPGEX-RNA15 RBD. Sequences of the encoded
fusion proteins were verified by DNA sequencing.

To express the GST-RBD fusion proteins, Escherichia coli JM101 cells trans-
formed with pGEX-2T, pGEX-64K RBD, or pGEX-RNA15 RBD were grown in
250 ml of 2 X YT containing 200 mg of ampicillin per liter to an optical density
at 600 nm of 0.5 at 37°C, and protein expression was induced with 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) at room temperature for 2 h. After
centrifugation at 6,000 rpm and 4°C for 10 min in a Sorvall GS-4 rotor, bacterial
pellets were resuspended in 20 ml of ice-cold sonication buffer containing 50 mM
Tris-HCI (pH 7.9), 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1
mM phenylmethylsulfonyl fluoride (PMSF), 0.5% (vol/vol) Nonidet P-40, and
10% (vol/vol) glycerol and sonicated with a sonifier (Branson) at setting 2 three
times for 30 s each on ice. Sonicated bacterial suspension was centrifuged at
15,000 rpm and 4°C for 20 min in a Sorvall SS34 rotor, and the supernatant was
loaded on a 1-ml column of glutathione (GSH)-agarose (Sigma) equilibrated
with sonication buffer in the cold room. After washing with sonication buffer and
wash buffer (same as sonication buffer but no Nonidet P-40), GST-RBD fusion
proteins were eluted with 20 mM GSH in wash buffer and dialyzed twice against
dialysis buffer containing 20 mM HEPES-NaOH (pH 7.9), 100 mM NaCl, 0.2 mM
EDTA, 0.5 mM DTT, 0.5 mM PMSF, and 20% (vol/vol) glycerol. Protein concen-
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trations were determined on a sodium dodecyl sulfate-10% polyacrylamide gel by
staining with Coomassie brilliant blue using bovine serum albumin as a standard.

Selection-amplification (SELEX) of RNAs with high affinities for RBDs.
SELEX was carried out as described previously (33, 40) with modifications. First,
template DNA (0.13 pg) containing 20 nucleotides (nt) of randomized sequence
in the middle was amplified by PCR using T7 (1.5 pg) and Rev (1.3 pg) primers.
The first five cycles of PCR were carried out by denaturing at 94°C, annealing at
50°C, and synthesizing DNA at 72°C for 30 s each. The next 30 cycles were done
under the same conditions, except annealing was at 65°C. One microgram of the
PCR products was digested with BarnHI and transcribed with 40 U of T7 RNA
polymerase in the presence of [a-*P]JUTP as a tracer. RNA transcripts were
purified on an 8.3 M urea—5% polyacrylamide gel, eluted, and recovered by
ethanol precipitation in the presence of 10 pg of tRNA. For the enrichment of
RNAs with high affinities for the GST-RBD fusion proteins, 10 pg of the fusion
proteins was conjugated with 20 pl of GSH-agarose in 200 pl of sonication buffer
by gently mixing on a Nutator (Clay Adams) for 1 h in the cold room. After being
washed three times with sonication buffer and binding buffer containing 8 mM
HEPES-NaOH (pH 7.9), 40 mM NaCl, 2 mM EDTA, 0.2 mM DTT, 0.2 mM
PMSF, and 8% (vol/vol) glycerol for 5 min each in the cold room, GST-RBD
fusion protein-GSH-agarose conjugates were mixed with 80 wl of binding buffer
containing 3.2 ng of E. coli RNA and 1 pg of the in vitro-transcribed RNAs.
After incubation at 30°C for 10 min with occasional shaking, the conjugates were
washed five times for 5 min each with binding buffer at room temperature;
resuspended in 200 pl of proteinase K buffer containing 20 mM Tris-HCI (pH
7.9), 100 mM NaCl, 10 mM EDTA, 1% (wt/vol) sodium dodecyl sulfate, 15 pg
of tRNA, and 70 pg of proteinase K; and incubated at 30°C for 30 min with
occasional mixing. The mixtures were extracted with 200 wl of phenol-chloro-
form, phenol-chloroform was back-extracted with 50 ul of Tris-EDTA (pH 7.9),
and RNAs were recovered from the combined aqueous phase by precipitation
with 2 volumes of ethanol in the presence of 0.3 M NaCl. RNA pellets were
washed with ethanol, dried, and resuspended in H,O. RNAs were reverse tran-
scribed with avian myeloblastosis virus reverse transcriptase (Life Sciences) with
0.64 g of Rev primer in a total volume of 50 wl at 42°C for 1 h. Reaction
mixtures were extracted with 50 pl of phenol-chloroform, and cDNAs were
recovered by ethanol precipitation in the presence of 2 M ammonium acetate
and amplified by PCR as described above. SELEX was repeated six to eight more
times. A fraction of PCR products from rounds 7 to 9 was digested with BamHI
and EcoRI, subcloned into the pBluescript SK vector, and subjected to sequence
analysis using Sequenase (U.S. Biochemicals) and the T3 primer.

Gel shift assays. To prepare RNAs for gel shift assays, pBluescript SK plas-
mids containing the selected sequences were digested at the Acc651 site in the
vector and at the BamHI site at the 3’ ends of the SELEX templates. Templates
were transcribed with T7 RNA polymerase in the presence of [a->*P]ATP and
purified on denaturing polyacrylamide gels as above. For gel shift assays, in
vitro-transcribed RNAs (~59 nt, 1.5 nM) were incubated with 0.18 to 7.5 pM
GST-64K RBD fusion protein in 12.5 pl of binding buffer containing 0.5 pg of E.
coli RNA at 30°C for 10 min. The reaction mixtures were loaded on 5% non-
denaturing polyacrylamide gels (acrylamide-bis, 40:1) containing 0.5X Tris-bo-
rate-EDTA and 1% (vol/vol) glycerol and electrophoresed at 2 W for 1 h in the
cold room. For gel shift assays with intact CstF, 1.5 nM RNAs were incubated
with 1, 3.3, or 10 nM CstF purified from HeLa cell nuclear extracts (35) (purity,
>90%) in a buffer containing 20 mM (NH,),SO, instead of NaCl. After incu-
bation with 5 mg of heparin per ml for 10 min on ice, the reaction mixtures were
electrophoresed on 4% nondenaturing gels (acrylamide-bis, 80:1) containing
0.5X Tris-borate-EDTA in the cold room. Apparent K,;s were determined by
estimating the protein concentration required to shift 50% of the RNA probe.
This was monitored by the disappearance of unbound probe, rather than accu-
mulation of RNA-protein complexes, because the latter appear to dissociate
during gel electrophoresis.

In vitro cleavage reactions. To prepare RNA substrates for in vitro cleavage
reactions, the downstream sequence of the adenovirus type 2 (Ad2) L3 poly(A)
site (28) was replaced with selected sequences by inserting EcoRI (filled-in)-
BamHI fragments derived from SELEX templates between the Aval [filled-in, 9
bp downstream of the poly(A) site] and BamHI (in the vector) sites in pG3L3-A.
After BamHI digestion, linearized plasmid DNAs were transcribed with SP6
RNA polymerase, and RNA transcripts were purified by denaturing polyacryl-
amide gel electrophoresis as above. Capped RNA substrates (1.5 nM) were
incubated in reaction mixtures (12.5 pl) containing 1 ul of HeLa cell CPSF
(Mono Q), 1 pl of CstF (Mono S; 0.8 or 4.0 nM), 1 ul of PAP (Mono S), and 2
ul of cleavage factor I (CFI) plus CFII (Mono Q) at 30°C for 1.5 h. Reaction
products were purified and fractionated on 8.3 M urea-5% polyacrylamide gels (see
references 29, 34, and 35 for details of protein purification and reaction conditions).

RESULTS

The CstF-64 RBD selects GU-rich sequences. To investigate
the specific RNA-protein interactions involved in poly(A) site
recognition, we designed experiments to examine the RNA
binding specificity of polypeptides involved in this process. As
mentioned in the introduction, previous studies have provided
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support for the idea that a downstream sequence element is
recognized by CstF-64. To investigate this further, we decided
to perform SELEX experiments (41) with a derivative of CstF-
64. Specifically, it seemed logical that RNA binding might be
mediated by the RBD. Indeed, previous experiments showed
that a 250-residue N-terminal fragment encompassing the RBD
could bind RNA, although sequence specificity was not dem-
onstrated (36). We therefore constructed a GST fusion protein
containing residues 1 to 108 of CstF-64 (Fig. 1) (the RBD
extends approximately from residues 17 to 96). The fusion
protein, GST-64K RBD, was expressed in and purified from
E. coli, bound to GSH-agarose beads, and used in SELEX
experiments as described in Materials and Methods. The RNA
population used consists of molecules 59 nt long, with 20 nt of
randomized sequence (33).

SELEX was performed for seven cycles, after which the
sequences of 23 cloned fragments were determined (Fig. 2).
Strikingly, all of the sequences were characterized by the pres-
ence of long GU-rich motifs (boldfaced in Fig. 2). Several
features of the selected sequences are particularly noteworthy
and immediately suggest similarities with authentic down-
stream elements. First, although all sequences are character-
ized by a high GU content, there is no consensus sequence,
which is also the case with downstream elements. Second, the
selected GU motifs are characterized by GU dinucleotides,
frequently repeated, and/or by U repeats (up to U,), but there
are no G repeats. This is consistent with previous studies that
mapped the site of UV-induced cross-linking of CstF-64 (in
nuclear extracts) to U-rich regions in two pre-mRNAs (18).
These authors also pointed out that a significant fraction of
downstream sequences contain a U-rich motif, analogous to
what is observed in our selected sequences. Furthermore, these
results are consistent with our preliminary experiments (not
shown) indicating that GST-64K RBD could bind poly(U) but
not homopolymers of any of the other three nucleotides. It is
noteworthy that most of the selected sequences contain C
residues 5’ to the GU-rich sequences. However, the number of
C residues found (three to seven) and the spacing between the
C residues and the GU-rich sequences (zero to four) are both
variable. Furthermore, the random sequences, used as negative

GST-64K RBD (top) and GST-RNA15 RBD (bottom) fusion proteins are com-
pared, and amino acid identities and similarities (in parentheses) of each region
are shown. RNP1 and RNP2 consensus sequences and other parts of the RBDs
are indicated by hatched boxes and dotted boxes, respectively, and the last resi-
due of each domain is numbered. (B) The amino acid sequence of 64K RBD
(top) is optimally aligned with that of RNA15 RBD (bottom) by using the
FASTA program (26), and amino acids of each protein are numbered on the sides.
Identical and similar residues between these two RBDs are indicated by lines and
dots, respectively, and are shown in boldface. RNP1 and RNP2 consensus se-
quences are boxed. Note that spacings between the RNP2 and RNP1 consensus
sequences are exactly the same between 64K RBD and RNAIS, while the
C-terminal domain of RNA15 RBD is shorter than that of 64K RBD by 2
residues.

controls (R5 and R10), were also C rich (7 and 9 of 19 residues,
respectively) but did not bind GST-64K RBD in RNA gel shift
assays (see below), suggesting that the C-rich sequences do not
constitute part of the consensus.

We next verified that the selected sequences are capable of

Random sequences

R 5 CUCUUGAGCAUCGCUGUCC
R10* CUCCACGCUGAACUCUGCC

Selected sequences

#12 GCCCCACUGUCUUAUUGUGU
#11% GGCCCGAGUGUGUGUAUGC
#14 GGCCCUCGUGUGUGUAUUGC
#10 CAUGCCCCUCUGUAGUUGC
#17* AGCCCCCUGUUGUCUGC
#18 UUGCCCCCCCUGUUGUCUGC
#20 UUGGCUCCUGUUGUCUUCGC
#15% AGUGCCCCUGUGUUUGC

# 3 UAUGCCCCCCUGUGUGUUGU
# 4 GUCCCCAUUGUGUGUUGU
#21%* UGGUCCCUUGUGUGUUGC

# 2% GGUCCCCAAGUGUGUUUUGC
#22%* UGGCCCUUGUGUGUGUUGC
# 7 UAGGCCCGUGUGUGUUUGU
#19* UGGCCCAGUGUGUGUUUGC
#23 UGGUCCCGUGUGUGUUUGC
#13 UGCCCCCCUGUUGUUUGC
#16* UGGCCUCCGUUGUGUUUGC
# 5% AGCCCCGUUUGUGUUUGC
#24 AGGUCCCAGUUGUGUGUUGU
# 8 GGCUCCGUGUGUUAGUGU
#1 GGCUCCGUGUGUUAGUGUGU
# 6 AGCCCCUGUGUUCGUUUUGC

FIG. 2. 64K RBD selects GU-rich sequences from a pool of RNAs with
randomized sequences. Sequences of RNAs selected by SELEX experiments
using GST-64K RBD fusion protein as a ligand (see Materials and Methods) are
shown in order of increasing complexity from the top downwards and are num-
bered on the left. GU-rich sequences found in all of the selected RNAs are
shown in boldface. RNAs used for gel shift assays (Fig. 3 and 4) are indicated by
asterisks.
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FIG. 3. GST-64K RBD specifically binds RNAs with GU-rich sequences. After incubation of RNAs containing a random sequence (lanes 1 to 4) or selected GU-rich
sequences (the rest) with 7.5 pM GST or decreasing amounts of GST-64K RBD fusion protein (GST-RBD; 7.5, 1.5, or 0.3 uM), free RNAs and RNA-protein
complexes were separated on a nondenaturing polyacrylamide gel. RNAs used are numbered on top, and positions of free RNAs and RNA-protein complexes are

indicated on the right.

binding GST-64K RBD in a different assay, i.e., RNA gel shift
assays. An example of the data is presented in Fig. 3. Random
RNAs transcribed from clones derived from the starting pool
of PCR products (two were tested) failed to bind GST-64K
RBD detectably at any concentration tested (e.g., lanes 1 to 4).
In contrast, all 20 of the selected sequences tested bound the
protein (e.g., lanes 5 to 40). There were, though, differences in
apparent affinities among the selected sequences. For example,
sequence 2 (lanes 21 to 24) showed the strongest binding, with
essentially all of the RNA shifted at the lowest concentration
of GST-64K RBD tested (180 nM), while at most about 10% of
sequence 17 was bound at this concentration. Additional gel
shift experiments with lower concentrations of GST-64K RBD
(not shown) indicate a range of apparent K,s from ~100 nM
(sequence 2) to ~1.5 uM (sequence 17). (See Materials and
Methods for the method of K, calculations.) Many of the
samples showed significant smearing, especially at the lowest
concentrations tested. This likely reflects dissociation of com-
plexes during electrophoresis. Careful examination of Fig. 3
suggests that two types of RNA-protein complexes with differ-
ent mobilities were formed. Since CstF-64 does not appear to

form dimers (not shown), these seem to reflect formation of
GST-64K RBD dimers mediated by GST dimerization (30a)
and/or binding of more than one GST-64K RBD molecule to
a single RNA. We do not know the basis for the differential
affinities of the RNAs, although it is noteworthy that the high-
est-affinity binder, sequence 2, is the only sequence tested
containing a U, motif.

Purified CstF binds specifically to selected sequences. The
above-described experiments demonstrate that the CstF-64
RBD is sufficient to select RNA sequences that resemble nat-
ural downstream elements. But are these sequences bound
selectively by intact CstF? To address this question, we per-
formed gel shift assays similar to those in Fig. 3, except that
CstF purified from HeLa cells (35) was used. Figure 4 displays
the results obtained with the same RNAs as in Fig. 3, and the
results were qualitatively extremely similar. Two random
RNAs bound barely detectable levels of CstF (e.g., lanes 1 to
4) and did so only at the highest protein concentrations tested
(~10 nM), while all of the selected RNAs displayed significant
binding. With several RNAs, 100% of the probe was shifted at
10 nM CstF. Differences were again detected in the apparent

#19 #16 #5

#2
U ST

2
o | A
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=/

RNA-protein
complex

[\ - -I\ CstF

Free RNA

1234567 8 9 1011121314 1516 17 18 1920 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 3940

FIG. 4. Purified CstF complex specifically binds RNAs with GU-rich sequences. After incubation of RNAs with decreasing amounts of purified CstF (purity >90%;
10, 3.3 or 1.0 nM) or without CstF (—), free RNAs and RNA-protein complexes were separated as in Fig. 3.
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FIG. 5. GU-rich sequences function as downstream elements in in vitro cleavage reactions. Chimeric pre-mRNAs (see bottom) containing a random sequence
(lanes 1 to 4) or selected GU-rich sequences (the rest) situated downstream of the Ad2 L3 poly(A) site were incubated with partially purified CPSF, CFI, CFII, and
PAP in the absence (—) or presence of increasing amounts (0.8 or 4.0 nM) of purified CstF, and the reaction products were fractionated on a denaturing polyacrylamide
gel. Positions of DNA size markers (in nucleotides) are indicated on the left, and those of the upstream and downstream cleavage products are indicated by an arrow
and a bracket, respectively, on the right. The downstream region of the Ad2 L3 gene (Ad2 L3 wt) was replaced with SELEX templates containing a random sequence
(L3—G/U) or selected GU-rich sequences (L3+G/U) (see Materials and Methods). Sequences derived from the Ad2 L3 gene and SELEX templates are shown by open
and dotted boxes, respectively, and GU-rich and U-rich sequences are indicated by hatched boxes. The lengths of pre-mRNAs are indicated on the right.

affinities of selected sequences, which paralleled those ob-
served with GST-64K RBD: sequence 2 displayed the highest
affinity (apparent K, ~ 1.5 nM), and sequence 17 displayed the
lowest (~5 nM). It is noteworthy that the differences in appar-
ent K, observed with the purified factor were significantly less
than those with the recombinant fusion protein (~3-fold ver-
sus 10- to 20-fold), and more importantly, the apparent affinity
of CstF for the selected sequences was at least 50-fold greater
than that of CstF-64 RBD. We discuss below possible expla-
nations for these differences. However, the most important
conclusion from these experiments is that sequences selected
by the RBD of CstF-64 are recognized specifically and with
high affinity by intact CstF.

Selected sequences function as downstream elements in re-
constituted CstF-dependent cleavage reactions. As a final test
of the functional significance of the selected sequences, we
tested their ability to function in 3’ cleavage assays. For this we
used a pre-mRNA containing the well-studied adenovirus L3
poly(A) site (28, 30). Reactions were performed with the re-
quired purified or partially purified components, CPSF, CFI,
CFII, and PAP, and increasing concentrations of CstF. As we

and others have observed previously (28), significant cleavage
can occur in the absence of a downstream element. This can be
seen in the samples that contained the RNA with one of the
random sequences inserted 3’ to the site of RNA cleavage (Fig.
5, lanes 1 to 4). It is noteworthy that this cleavage is entirely
dependent on CstF, despite the lack of a binding site (see
Discussion). However, insertion of any of six different selected
sequences resulted in significant enhancement (three- to five-
fold) of cleavage (lanes 5 to 28). Somewhat unexpectedly, the
extent of enhancement was similar with all six sequences. Thus,
sequences 17 and 11, which had the lowest apparent affinities
for CstF, were at least as efficient as sequences 15 and 16,
which had among the highest. (For technical reasons, we were
unable to test sequence 2, which had the highest apparent
affinity.) Sequence 16 is also noteworthy because it bears a
particularly strong similarity to well-characterized natural se-
quences (21) (see Discussion). Similar results were obtained
when the different substrates were processed for shorter times
or different concentrations of factors were employed (results
not shown). These results indicate that sequences selected by
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7 rounds
x13 GACUGUGUAUUCUCCGGAU
X 6 GUAUGCGUAUUUUCCUGGU
X 2 CAAUGCCUGCGUAUUCUCCG
x 1 GACUGUGUAUUCUCCG
9 rounds
x 9 GUAUGCGUAUUUUCCUGGU
x 7 GACUGUGUAUUCUCCGGAU
x 4 CAAUGCCUGCGUAUUCUCCG
x 1 GUAUGCGUAUUCUCCUGGU
Consensus UGCGUAUUCUCC
U U

FIG. 6. RNA15 RBD selects U-rich sequences from a pool of RNAs with
randomized sequences. Sequences of RNAs selected by SELEX experiments
using GST-RNA15 RBD fusion protein as a ligand are shown in order of
decreasing frequency from the top downwards. Sequences obtained after seven
and nine cycles are shown. The number of RNAs which contain each sequence
is indicated on the left. U-rich sequences present in all of the selected RNAs are
shown in boldface, and the consensus sequence is shown at the bottom.

the CstF-64 RBD can provide downstream sequence function
in a CstF-dependent cleavage assay.

The yeast RNA15 RBD selects a single U-rich consensus.
The apparent yeast homolog of CstF-64 is RNA15 (38). The
RBDs of the two proteins are 43% identical and 63% similar
(Fig. 1). Although RNA15 has been shown to participate in the
yeast 3’-end formation reaction (23), almost nothing is known
about its RNA binding properties. Furthermore, given the
degeneracy of yeast polyadenylation signals, it is difficult to
predict how RNA1S interacts specifically with the pre-mRNA.
To begin to study RNA recognition by RNA1S5 and to compare
the RNA binding specificity of two closely related proteins, we
performed SELEX with a GST-RNA15 RBD fusion protein
(Fig. 1). As the apparent affinity of the protein for the RNA
pool was lower than with GST-64K RBD, we initially per-
formed nine rounds of SELEX prior to sequencing. However,
RNAs obtained after seven rounds were also cloned and se-
quenced, with results indistinguishable from those obtained
after nine cycles (Fig. 6). The most striking feature of the
selected sequences is that they are nearly identical and give rise
to a clear consensus. Not only does this contrast with the
degenerate nature of the sequences selected by GST-64K
RBD, but it is all the more unexpected given the lack of a
convincing consensus among yeast poly(A) sites. The RNA15
RBD consensus is U rich, which is also a feature of the 64K
RBD-selected sequences. Interestingly, almost half of the
RNAT15 RBD-selected RNAs contain UGUGUAU,, which is
nearly identical to a UGUGUGU, sequence found in about
one-third of the 64K RBD-selected RNAs (Fig. 2, no. 3, 4, 7,
19, and 21 to 24). However, although GST-RNA15 RBD binds
an RNA containing its selected sequence in a gel shift assay,
GST-64K RBD showed no affinity for this RNA (results not
shown). It is noteworthy that the GST-RNA15 RBD consensus
bears some similarity to an upstream AU-rich efficiency ele-
ment suggested by Guo and Sherman (10). In any event, it is
clear that these two closely related RBDs recognize somewhat
similar but distinct sequences, in keeping with the significant
differences between mammalian and yeast polyadenylation sig-
nals.

DISCUSSION

The data presented here establish that the RBD of CstF-64
is sufficient to define the sequence specificity of the intact CstF
complex. Although the specificities of the GST-64K RBD fu-
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sion protein and native CstF were found to be similar, the
apparent dissociation constants of the RNA-protein complexes
found with the latter were as much as a factor of 100 lower than
those found with the former. Our data also provide a parsimo-
nious explanation for results from previous studies that sug-
gested the existence of two distinct classes of downstream
elements, GU rich and U rich. Below we discuss these conclu-
sions, as well as comment on how our results bear on the
relationship between poly(A) signals in yeast and mammals.

Previous studies suggested that CstF is responsible for rec-
ognition of at least some downstream elements and that CstF-
64 directly contacts the pre-mRNA (18). But it has been less
clear that the factor is by itself capable of high-affinity, sequence-
specific binding. For example, gel shift experiments with purified
CstF preparations and several natural pre-mRNAs revealed only
weak interactions, but these could be stabilized by addition of
CPSF (8, 24). Likewise, efficient UV cross-linking of CstF-64 to
pre-mRNA was found to require CPSF in addition to CstF (8,
24, 44). Also, recombinant CstF-64 was shown to UV cross-link
to an SV40 late pre-mRNA without detectable specificity (18).
These results together had led to the view that both high-
affinity and sequence-specific binding may require interactions
with additional polyadenylation factors, e.g., CPSF. Our results
are thus important because they establish that CstF-64 and
specifically its RBD have the intrinsic ability to recognize func-
tional, GU-rich RNA sequences. Equally important, CstF is
capable of recognizing these sequences with high affinity. As
the sequences that we have identified here match well the
natural sequences present in pre-mRNAs studied in previous
experiments (see below), it is not clear why high-affinity bind-
ing by CstF was not observed previously. One possibility is that
the RNAs used in our experiments were three- to fourfold
shorter than RNAs employed previously. Consistent with this,
we recently examined CstF binding to immunoglobulin M H-
chain secreted and membrane form poly(A) sites, using gel
shift assays very similar to those described here, except that the
RNA length was significantly greater (39). Although both
RNAs contain GU-rich regions that resemble those identified
here, 10- to 50-fold greater protein concentrations were re-
quired to obtain detectable shifted complexes. If RNA size is in
fact a significant determinant in establishing complex stability,
then in vivo it is likely that CPSF-CstF interactions are re-
quired for poly(A) site specification, as has been suggested
previously. However, our results are important because they
indicate that CstF, via the CstF-64 RBD, has the ability to bind
RNA specifically and with high affinity.

Over a decade ago, McDevitt et al. proposed the existence of
two distinct downstream elements, denoted GU rich and U
rich (21). Although GU richness seems to be more character-
istic of the majority of downstream elements, support for the
importance of U-rich regions has come from more recent stud-
ies establishing that short U stretches can provide downstream
function in in vitro cleavage assays (5, 18, 45). Based on ap-
parently distinct properties of the two sequences, it was sug-
gested that the elements might be recognized by distinct trans-
acting factors. Our results, however, provide a strong argument
that both sequences are bound by CstF-64. First, a general
feature of the selected sequences is that, while being overall
GU rich, they also frequently contain U, (but not G,)
stretches, and thus many may be called both GU rich and U
rich. Second, stronger evidence comes from a direct compari-
son of specific sequences. McDevitt et al. identified two natu-
rally occurring octamers that were sufficient to reconstitute
downstream function in an in vivo polyadenylation assay, a
GU-rich sequence (5'-GUUGUGGU) from SV40 and a U-
rich sequence (5'-UUGUUUUU) from adenovirus. Both se-
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quences match many of our selected sequences (six of eight or
better). However, comparison of one, sequence 16, which con-
tains a GU-rich decamer and displays very high affinity for
CstF, is particularly informative. Specifically, sequence 16 con-
tains seven of eight matches to both natural sequences. Mc-
Devitt et al. also analyzed a number of mutations in each
element. Importantly, mutation of either G in the GG dinu-
cleotide to U enhanced activity threefold. This finding is in
keeping with our failure to detect G repeats in our selected
sequences. Furthermore, one of the GG mutations created a
perfect match with sequence 16. Remarkably, a single U-to-G
mutation in the adenovirus U-rich sequence, which was with-
out effect on activity (21), also created a perfect match with
sequence 16. These results on the one hand strongly support
the physiological relevance of our selected sequences while on
the other argue that the two classes of sequences initially
identified by McDevitt et al. are both actually CstF-64 binding
sites.

The U-rich sequences display another characteristic feature:
they are inactive when situated more than about 30 bases
downstream of the cleavage site (5, 18, 21). In contrast, GU-
rich elements are active up to 50 to 60 bases from the cleavage
site (in our assays, the GU-rich elements were nearly 55 bases
downstream). We speculate that this difference reflects a lower
affinity of CstF-64 for the U-rich sequences tested. This leads
to two important, related questions: what determines the
strength of a CstF-64 binding site, and how does this contribute
to the efficiency with which the poly(A) site is used? Our
results provide a framework with which to consider these issues
but do not provide hard and fast answers. Our data suggest
only that a GU-rich sequence lacking consecutive G’s is im-
portant for high-affinity binding and are consistent with the
length of the sequence being an important factor. But beyond
this it is not yet possible to say what specific sequences, if any,
constitute an optimal CstF recognition site. It is also possible
that flanking sequences, perhaps via secondary or tertiary in-
teractions, influence binding.

How does binding affinity ultimately influence cleavage ef-
ficiency? We were surprised to find no significant differences in
our reconstituted processing assay between high- and low-
affinity sequences. We suspect that this reflects the strong co-
operative interaction between CPSF and CstF (8, 24), which
likely compensates for at least relatively small differences in
CstF affinity. In fact, our data show that detectable, CstF-
dependent 3’ cleavage can occur in the absence of any recog-
nizable downstream motif. We believe that this reflects an
interaction of CstF-64 with sequences that have only a very
slight resemblance to a high-affinity binding site and that this
interaction is stabilized by cooperative binding with CPSF.
Although we obtained similar results in the in vitro cleavage of
RNAs with different downstream GU-rich sequences both in
nuclear extracts (not shown) and in the reconstituted reaction
system (Fig. 5), the strength of the CstF-RNA interaction may
play a more important role in vivo, where CstF may have to
compete with other RNA binding proteins not present in the in
vitro system.

An unexpected aspect of our experiments is the striking
difference in apparent affinities of GST-64K RBD and CstF for
the selected sequences. We cannot rule out the possibility that
this reflects an experimental artifact, for example, that a large
fraction of the recombinant protein was inactive. However, we
have no indication that this was the case, and the magnitude of
the effect leads us to suspect that some property of CstF greatly
enhances binding affinity without affecting specificity. An in-
triguing possibility is that the MEARA/G repeat structure in
CstF-64 contacts the pre-mRNA, perhaps via ionic interactions
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between arginine residues and the phosphate backbone. Al-
though we currently have no data addressing this possibility, we
have been unable to detect a role for this region of CstF-64 in
protein-protein interactions (unpublished data).

Our results with GST-RNA15 RBD indicate that its RNA
binding specificity is distinct from that of GST-64K RBD. This
is in keeping with the striking differences in cis-acting se-
quences required for 3’-end formation in yeast and mammals.
Guo and Sherman (10) recently described possible consensus
sequences for yeast mRNA 3’-end formation. Specifically, they
proposed the existence of two key elements, an A-rich posi-
tioning element located frequently 10 to 30 bases upstream of
the cleavage site and an AU-rich efficiency element situated a
variable distance 5’ to the positioning element. Although con-
siderable progress has been made recently in identifying trans-
acting factors necessary for yeast polyadenylation (reviewed in
references 20 and 42), little is known about the RNA-protein
interactions involved. Our data support our previous sugges-
tion (20) that RNA1S, which is a component of CFI (4, 23), is
involved in recognition of the upstream efficiency element, by
virtue of the U richness of the selected sequence that we
identified. Although there are no perfect matches to any of
several suggested AU-rich hexanucleotide efficiency elements
(10), our consensus sequence displays four or five of six
matches to all of them. (By contrast, there were at best only
two matches with any of the suggested positioning element
sequences [10]). It is unclear, however, why our selected se-
quence forms such a nearly invariant consensus sequence. This
is unlike the extremely variable nature of efficiency elements
and also distinct from the variation observed with the GST-
64K RBD selected sequences. Whatever the explanation for
this is, our data have shown that two closely related RBDs can
have quite distinct RNA binding preferences. This difference
parallels the divergence in polyadenylation signal sequences
between yeast and mammals. An important conclusion that
emerges from our studies is that sequence-specific RNA rec-
ognition by a single protein may be of considerably less impor-
tance in sequence-specific RNA processing reactions like poly-
adenylation than are cooperative interactions between protein
factors that allow limited and variable RNA sequence content
to be used effectively in defining specific RNA signals.
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